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ABSTRACT

In a study designed to detect prompt reactions to ionizing radia-
tion, rats were exposed to 250 kvp X rays and measurements of be-
havioral departures from sleep and of heart rate were used to indicate
activation of the central nervous system. Exposure at a low dose rate
(0.25 r/sec) produced a transitory arousal from sleep within the first
12 seconds (accrued dose of 3 r). At e higher dose rate (1.9 r/sec)
this initial reaction increased in scope and, by 30 seconds, included
also an acceleration in heart rate. Only animals exposed at the
higher dose rate exhibited evidence of excitation during the residual
period of exposure to a 1,000 r total dose. Accordingly, the inten-
sity of the reaction during exposure depended upon the dose rate
rather than the total dose. A transient excitatory effect at the
termination of exposure was indicated by the occurrence of behavioral
wakefulness for a period of minutes following exposure at both dose
rates. The excitatory effects of irradiation were not dependent upon
adrenal function since adrenalectamized animals showed a sequence of
reactions camparable to that shown by normal animals but with longer
latencies. B8timulation through radiosensitive mechanisms apart from
the visual receptor system was indicated since ophthalmectomized ani-
mals exhibited both behavioral and heart rate responses within seconds
after the start of exposure. Same possible modes for the action of

ionizing radiation as a stimulus to the nervous system are discussed.



NON-TECHNICAL SUMMARY

The Problem

This investigation was designed to provide information on prompt
reactions of the intact mammalian nervous system to low intensity ex-
posure to lonizing radiation.
The Findings

X-ray exposure acts as a stimulus to the nervous system in the
rat as evidenced by its power to produce behavioral arousal in the
sleeping animal within 12 seconds at an exposure rate of as little as
0.25 r/sec. With exposure at a dose rate of 1.9 r/sec this initial
reaction is subsequently increased in scope and includes sub-cortical
neural activation as indicated by the presence of a change in heart
rate by 30 seconds. Only animals exposed at the higher dose rate ex-
hibited evidence of excitation during the residual period of exposure
to a total dose of 1,000 r. Accordingly, the intensity of reaction
during exposure depended upon the dose rate rather than the total
dose. A transitory excitatory effect at the termination of exposure
was also found. Stimulation with X rays did not depend upon edrenal
function since adrenalectamized animals showed a similar sequence of
reactions. Stimulation through radiosensitive mechanisms apart from
the visual recep?or system was indicated since blinded animals ex-
hibited both behavioral and heart rate responses within seconds after
the start of exposure. The probeble basis for the immediate effect is

that the nervous system is directly sensitive to ionizing radiation.
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INTRODUCTION

A wide variety of techniques have been applied to the investiga-
tion of the effects of ionizing radiation on the nervous system, par-
ticularly within the last few years (1, 2). Only a few reactions have
been found to indicate that the nervous system of the unanesthetized
memmal reacts promptly to low dose levels of exposure.

Evidence of early reactions have been obtained from electrographic
recordings of brain activity in rats (3, 4), cate (5, 6) and rabbits
(7, 8). With radiation doses ranging from 200 to 1,000 r, both cor-
tical and subcortical gystems may undergo alterations in spontaneous
and evoked activity during the period of exposure (8) or immediately
thereafter (5, 6). Phasic alterations in excitability of the mammal-
ian nervous system following extremely low doses of radiation have
also been reported in various reviews of the Soviet literature (9-1k4).
Although these alterations in central nervous system function may

reflect CNS reactions to abscopal effects of irradiation, more direct



stimuilation of the nervous system by ionizing radiation also is poss-
ible. Visual stimulation by ionizing radiation under conditions of
dark adaptation has long been known to occur (15,16) and very likely
is mediated through effects on the photochemical processes of the re-
ceptor at energy levels nearly camparable to those required for stimu-
lation with visible light (17-19). Visual sensation in the human has
been demonstrated with "flash" exposures of less than a milliroentgen
(20), and retinal stimulation in infra-mammalian species has been de-
monstrated (17) repeatedly (21-23) with electrophysiological measure-
ments.

Behavioral methods have been found to be particularly sensitive
for the demonstration of immediate CNS reactions to ionizing radia-
tion. In a number of investigations, recently reviewed (24,25), radia-
tion exposure has been employed as the motivating stimulus in condi-
tioning several species to avoid a gustatory stimulus or to avoid
spatial stimuli. 1In these studies the rat was found to be extremely
sensitive to low dose, short duration, whole-body exposure (26); the
motivational effect was shown to be independent of direct retinal sti-
mulation (27), and the abdaminal region was found to be preferentially
sensitive (28). It was concluded that the motivational effects of
irradiation were probably produced through humoral mediation and re-
sult from radiation effects produced in non-nervous tissues (24). A

direct action of radiation on the nervous system, however, could not



be ruled out. In some invertebrates, behavioral reactions to low in-
tensity radiation have been shown to occur with latencies of only a
few seconds following the start of exposure (29-32); this is suffi-
ciently rapid to allow the inference of direct stimulation by ionizing
radiation. Hug (29,30) has shown in several invertebrate preparations
that the response latency is inversely proportional to the intensity
of exposure with dose rates above O.lUr/sec. Although these rates of
exposure are higher than those required to produce conditioning in the
mammal, the presence of a "chronaxie™ and of a "rhecbase” is consistent
with a stimalus-like action for ionizing radiation.

There is a lack of evidence in mammals for reactions with suffi-
ciently short latencies to indicate direct stimmlus-like action for
ionizing radiation. The present investigation was undertaken to test
for the presence of irmediate (direct) and delayed stimulus actions of
X rays delivered at moderate dose rates. For this purpose, rats in
the main series of experiments (Series I) were conditioned to sleep in
the exposure situation and measurements were made both of behavioral
departures fram sleep and of heart rate before, during and following
exposure to a 1,000 r dose of hard X rays delivered at either 0.25 or
1.9 r/sec. The occurrence of a response in either variable immediately
(wvithin seconds) after the onset of exposure would be indicative of
direct stimulation of the nervous system by radiation. Indirect modes

of neureal stimulation, which might arise from reactions or damage in



abscopal systems, would be reflected in responses made during the
residual period of exposure.

Additional experimental series were undertaken as a means of de-
termining the relative importance of certain parameters of the main
series. To eliminate possible direct retinal stimulation by radiation
th‘e animals in Series II were blinded by complete bilateral ophthal-
mectomy performed a month before the exposure test. The animals in
Series III were adrenalectomized a week before the exposure test to
eliminate involvement of adrenal function in the elaboration of irrad-
iation effects found to occur both during (33,34) and immediately
following (35-37) exposure. In both series the animals were trained
to sleep in the exposure situation to maintain maximum comparability
to Series I with regard to the initial state of excitability. Since
sensitivity to stimlation would depend upon concurrent nervous acti=-
vity, this was altered in two additional series of experiments. Nor-
mal animals that were not adapted to sleep in the exposure situation
were employed in Series IV. These animals were awake at the start of
exposure. In Series V experiments the animals were maintained under
continuous restraint imposed in a manner designed to pramote strugg-
ling behavior and to maintain, thereby, a continuously excited state.
In both of these series, since the animals remained awake throughout
the test period, the behavioral measurement of departures from sleep

wvas inapplicable and only the heart rate measurement was employed.



METHODS AND PROCEDURES

Young adult male Sprague-Dawley rats bred at this Laboratory were
used throughout this investigation. Table I shows the animal dis-
tribution for each series by treatment group.

The rats were confined to glass chambers for the observations
of behavior, for remote recording of heart rate, and for exposure of
animals in Series I, II, III and IV. The chamber and the procedures
for adaptal.on used to condition sleep for Series I, II and III, and
the general methods employed for recording heart rate in all series
have been described previously (38). The restraint employea auring
the exposure test in Series V was imposed by fastening each rat prone
and spread-eagled to a 10 x 12 inch Lucite plate. Each forelimb was
encased in a glass tube to prevent biting at the binding that was
used to attach each paw to a curner of the plate. To promote strugg-
ling a rubber binding was used which allowed the animal vo work
against an elastic restraint.

A Maxitron (General Electric) X-rey unit, equipped with a lead
shutter and operated at 250 kvp and 25 ma. (HVL of 2.3 mm Cu), was
used for all irradiations. Before tne start of each experiment the
dose rate (in air) was measured at the center position within the
test chamber (or above the restraining board) by means of thimble
dosimetry (Victoreen). For exposure at the high dose rate, nominally

1.9 r/sec, the 1,000 r dose was delivered at a distance of 37 cm in




9 minutes, and in experiments involving exposure at the low dose rate,
nominelly 0.25 r/sec, the same total dose was delivered at a distance
of 104 cm in 67 minutes. Each animal’s actual position in the

chamber could conceivably range up to *+ 4.5 cm from the centerline
position and, correspondingly, the dose rates could range from 1.5

to 2.5 r/sec and from 0.22 to 0.28 r/sec for the high and low rates,
respectively. Control animals were located about 100 cm from the tube
port behind a 1/U-inch lead plate shield but were otherwise treated
like the exposed animals.

Since the effects of stimuli which were coincidental to exposure
procedures might be confounded with radiation effects, special pre-
cautions were instituted which would limit or control extraneous
sources of stimulation. By means of circuit controls, background
sounds emanating from the ventilation and water circulating systems
were presented without interruption during the entire test session.
Also, a heavy sound shield was placed around the shutter device so
that it was not possible to detect the sound of the shutter mechanism.
Temina;tion of exposure was accomplished silently by shutting off
power to the X-ray tube while the shutter remained open and room and
machine noises continued.

During the conditioning phase, the animals were adapted to sleep
in test chambers which were placed in a large sound-deadened cabinet.

A total of 40, 65-75, and 48 hours of adaptation were imposed in Series



I, II and III, respectively, distributed over a week or more before the
exposure test. The last adaptation session, and 8-hour period during
the day before exposure, was also used to habituate the animals to
sounds associated with the exposure test. For this purpose, a magnetic
tape recording of X-ray room and machine noise was played repeatedly
through a 5-inch speaker located directly in front of the cabinet.
This recording was made ‘through a standard crystal microphane located
ahout 18 inches from the tube port and consisted of contimuous sounds
from the room ventilation system and the X-ray machine water circula-
tion system. As an additional precaution, the sound fram the solenoid-
actuated shutter mechanism was also incorporated in the recording at
aperiodic intervals. During the last adaptation session, the average
heart rate value of each animal during sleep was obtained and the
rank ordered values within each experiment were used, in conjunction
with tables of randam premutations, to assign animals to either the
exposure or control (lead shielded) group for the next day's test.
Since no adaptation sessions preceded the exposure test in Series IV
and V, body weight measurements were employed for random assignment
to treatment groups.

A standard schedule of procedures and measurements was followed
for all experimental runs. From 4 to 8 animals were studied in each
run. After their placement in the X-ray room, periodic measurements

of heart rate and behavior were made prior to the start of irradiation




over a period of at least two hours in Series I, II and III and of at
least 90 minutes in Series IV and V. Rapid sequence recording, which
yielded 2 or 3 measurements per minute on each variable for each ani-
mal, was started 5 minutes before the shutter was opened and was
continued for 10 minutes after the start of exposure. Intermittent
measurements were made thereafter at S-minute intervals to the end of
the first half-hour and then at 10-minute intervals to the end of the
2-hour test period.

Behavioral departures fram sleep were measured by means of a rat-
ing scale. During the X.ray exposure test, the observer viewed each
animal through a leaded-glass window to the X-ray roam from a distance
which ranged fram 2 to 5 meters. Mirrors were arranged to provide
more than a single angle of view of each animal, For purposes of
analysis, a four-category scale used for rating behavior was reduced
to two categories, "inactive” (asleep, at rest) and "active” (alert,
active), which served as empirical counterparts to the state of the
animal vhen asleep and awake. Coamparisons of ratings made simultan.
eously by pairs of observers during the course of several experiments
in Series I showed that the ratings made among the three trained
observers were highly reliable. From among 42 series, each consisting
of 10-22 Jjoint comparisons, 30 series ylelded percentage agreements
above 90% and 38 series yielded percentage agreements above 80%.

Heart rates were camputed fram a tally of cardiac cycles recorded



during a sampling interval of 9 or 10 seconds with an accuracy of +
1.5 beats/mimute. Behavioral measurements were closely coordinated
in time with measurements of heart rate. As a orecsution against the
possible develomment of a systematic observer bias over the series of
experiments, tabulation and analysis of all data was delayed until the
last series was campleted.

For purposes of analysis, since no differences among runs within
series were apparent upon inspection, the data were combined over all
experiments within sach series. Statistical analysis for treatment
effects vas verformed on measurements made at each time point in the
exposure test sequence. The principal method for analysis of the be-
havioral data was made by the determination from Crow's tebles (39)
of the upper limit of the 95% confidence interval for the proportion
of control animals rated as "active.” Supplementary 12 tests (Lo,41)
were also employed. Analysis of variance techniques were applied to
the heart rate date in designs which employed the last pre-irradiation
heart rate as the concamitant variable (42). This involved either the
analysis of variance of algebriac changes in heart rate from pre-
irradiation values or, more frequently, the analysis of covariance
among regression-adjusted treatment means (43-U45).

A preliminary report of some results obtained during the first
minute of exposure in Series I and II has been made (46). T™is report
extends these findings to effects observed during and immediately

following exposure.




RESULTS

The Pre-exposure State.

The establishment of a stable and reasonably hamogeneous physioclo-
gic and psychologic state before the start of exposure was essential
to the experimental design in order that radiation-imposed altera-
tions would furnish clear implications. A summary of the data from
measurements made during the last five minutes before the start of
exposure is shown in Table II. For heart rate (all series) and be-
havior (8eries I-III) comparisons were made between measurements fram
the first four-minute interval and those from the last 0.6-minute
interval. For this analysis, data from each animal were combined
over adjacent sampling intervals and the mean heart rate and the
presence of any "active” behavior rating obtained within the combined
interval were used. For heart rate measurements the correlation be-
tween intervals, r W Va8 found to be high, above + 0.79 for all
series. This stability was not found to be dependent upon sub-group-
ing by dose rate in that the F test of correlations among dose-rate
groups yielded p » 0.25 in each series. A similar stability between
intervals in proportions of animals rated "active”, P(A), was found
in Series II and III. The animals in Series I showed a slight last-
minute trend toward the inactive state, which was statistically de-
tectable according to McNemar's test of correlated change in pro-

portions (° = 7.20; p < 0.01 for DF = 1). This shift towards the
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conditioned state of sleep was equally evident among the dose-rate
subgroups (;(2 = 0.48; p > 0.70 for DF = 2).

Prior to exposure a difference in mean heart rate was found be-
tween active and inactive animal groups in Series I (Table II).
Advantage was taken of this source of heterogeneity by subdividing
the series, for purposes of subsequent analyses, into "initially inactive"
and "initially active" sub-series. No special selection by "reaction types"
was involved by this sub-division since control rate in the intially
active sub-series returned to sleep within minutes and were in-
distinguishable thereafter fram initially inactive controls.

Fig. 1 shows the distribution of animals by series on the heart
rate measurement for the last pre-irradiation interval. Clearly evi-
dent is the effect of the presence or absence of previous training
and of restraint in establishing distinguishable states upon which
irradiation was then imposed. Among the adepted series the adrenal-
ectomized animals (Series III) displayed a chronic tachycardia, but
were otherwise indistinguishable in behavior and appearance from
normal animals.

The Initial Reactions to X-ray Exposure.

Figure 2 summarizes the results for the adapted normal animals of
Series I that were asleep at the start of exposure (initially inactive
sub-series). The analysis was made by dose-rate group of the relative

incidence of "active” behavior (upper) and of the change in co-varisnce




ad Justed mean heart rate (lower) for the first sampling interval of
12 seconds (0.1 min.) and the following 30 minutes. In this figure,
as in all subsequent figures, the upper limit of the 95% confidence
interval (x) for the behavioral rating and of the standard error
limits for the heart rate mean (vertical marker) are shown for the
control group. Both dose-rate groups showed equivalent incidences
of arousal within this first interval (p < 0.02) unaccompanied by any
change in heart rate. During the middle portion of the first minute
(0.5 min.), the group exposed at the rate of 1.9 r/sec exhibited a
further increase in the incidence of arousal, but now accompanied
by a marked acceleration in heart rate. By the end of the first
minute, this group, and also the lower dose-rate (0.25 r/sec) group,
appeared to have completed the initial arousal reaction to exposure
to X-rays and were returning to their trained quiescent state.

A sham-exposure test was made on some animals at least 30 minutes
before the exposure test to determine whether these reactions could
be attributed to stimulus artifacts associated with the start of ex-
posure. For this test the X-ray tube was turned off but all other
stimilation conditions were the same. Fig. 3 shows the results for
initially inactive animals. For the sleeping animal, procedural
operations at the start of exposure produced no apparent stimulation.
The results of the sham-exposure tests in the other series indicated,

likewise, that initial reactions to X-rays could not be attributed to
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stimulus artifacts associated with the start of exposure.

Visual stimulation with X-rays could have occurred since these
rats were sleeping with eyes closed and, therefore, were partially
dark adapted. However, as shown in Fig. 4, ophthalmectomized rats
(Series II) that were initially inactive and exposed at the higher
dose rate of 1.9 r/sec not only showed as rapid a response as sighted
animals, but also exhibited the more intense form of reasction, which
involved an immediate accleration in heart rate. Within the first
sampling interval the initially inactive blinded animals displayed
an average increase of 23.7 (v‘M = 6.8), while initially inactive
normal animals from Series I showed an average increase of only 4.5
(3.3) beats/min. The blinded animals that were initially active
also showed the reaction with an average increase of 27.0 (3.2)
beats/min. The analysis of variance among these mean increases
yielded F = 8.84 (p < 0.005 for 2 and 15 DF's).

As may be seen in Fig. 5 adrenalectomized animals that were ini-
tially inactive failed to show any reaction to exposure at the high
dose rate during the first sampling interval but did show evidence of
a behavioral arousal and an acceleration in heart rate by the end of
the first minute. While the reaction appears to have been delayed,
in contradistinction to the reaction of normal rats asleep (Fig. 2)
and ophthalmectomized rats (Fig. 4), the magnitude of the respcnsc-
vas at least as great. Initially active adrenalectomized animals that

were exposed failed to show similar evidence of stimulation.
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No clear pattern of heart rate reactions was apparent in normal
animals that were not asleep at the start of exposure (initially
active sub-groups of Series I, Fig. 6; Series IV, Fig. 7). However,
a transitory increase in heart rate was evident during the first
minute of exposure in the active, restrained group (Series V, Fig. 8).

The Subsequent Reactions puring Continued X-Ray Exposure.

Following the initial arousal reaction, the initially inactive
normal rats which were exposed at the lower dose rate (0.25 r/sec.)
for 67 minutes, returned to the control level by the end of the first
minute and showed no further evidence of wekefulness until the termina-
tion of exposure. In contrast, those exposed at the higher rate
(1.9 r/sec.) for 9 minutes continued to exhibit wakefulness throughout
the residual eight minutes of exposure (Fig. 2). For the period fram
2 through 9 minutes the proportion of "active” ratings in two or more
adjacent observations was 0.17, 0.18 and 0.60 for control, low and
high dose-rate groups, respectively ma = 8.98; p < 0.02 for DF = 2).
This behavioral reaction to continued exposure was closely paralleled
during this period by the heart rate measurements. Only in the initial
sampling interval of 12 seconds was there a failure of correlation
between the two variables. The reactions displayed during the residual
period of exposure, just as during the first minute, were related to
the dose rate since, at camparable accumulated doses, the low dose-

rate group failed to exhibit any additional reactions after the first
l2-gecond interval.
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Camparable evidence for the occurrence of reactions during contin-
ued exposure is even more clearly displayed in the initially active
sub-series (Fig. 6). The control and low dose-rate exposure groups
settled to the sleep state in accordance with their previous training,
but in contrast, the high dose-rate group exhibited upward inflections
at 3 minutes (340 r) on heart rate measurements and at 4 minutes (460 r)
on behavioral measurements. Again, as with the initially inactive sub-
series, this reaction during the residual period of exposure is re-
lated to the dose-rate since the low dose-rate group failed to ex-
hibit comparable doses beyond 25 minutes (375 r). The transient be-
havioral response which was exhibited by the low dose-rate group after
10 minutes of exposure (150 r) was unreliable statistically. Since
animals exposed at the higher dose-rate in both sub-series of Series
I showed evidence of excitatory effects of irradiation during contin-
ued exposure these reactions were largely independent of the state of
the animal at the start of exposure.

Although ophthalmectomized animals had shown a more marked ini-
tial reaction than had normal animals, they failed to show continued
wakefulness or a heart rate response during the residual 8 minutes of
exposure (Fig. 9). The similarity between exposed and shielded blinded
animals during this period was marked in that in 7 out of 8 tests

between co-variance adjusted mean heart rates the F ratios were less

than unity. Adrenalectomized rats (Fig. 10) also failed to show a
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continuation of the initial elevation in heart rate during exposure;
while in behavior they displayed only slight evidence for continued
wakefulness. No evidence for X-ray induced excitation was obtained
during this interval from heart rate measurements in normal rats
that were not previously conditioned to sleep (Fig. 7) or that were
actively restrained and in an excited state during exposure (Fig. 8).

Response With Termination of X-ray Exposure

Adapted normal animals exposed at the rate of 1.9 r/ sec for 9
minutes continued to displayed reactions in the period immediately
following termination of exposure. This occurred in both initially
active and inactive sub-groups of Series I (Figs. 2,6). Over the
first three measurements following exposure at the higher dose rate
(10 to 20 min), 50% and 13% of the high and low dose-rate groups,
respectively, received two or more "active" ratings (Xz =T7.16; p <
0.01 for DF = 1). By 20 minutes after the end of exposure, the high
dose-rate animals had returned to the quiescent state concurrently
exhibited by the lower dose-rate group. Animals exposed at the lower
dose rate of 0.25 r/sec for 67 minutes also differentially exhibited
wakefulness for a short period following termination of exposure. 1In
a comparable analysis of behavior over the first three measurements
following exposure at the lower dose rate (70 to 90 min), 87% and 55%
of the low and high dose-rate groups, respectively, received two or

more "active™ ratings (K> = 5.75; p < 0.02 for DF= 1) and thereafter
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the behavior of the low dose-rate group rapidly approached and beceme
nearly identical with that displayed by the higher dose-rate grouv.

Ophthalmectomized animals exhibited a transient response follow-
ing termination of exposure on both measures (Fig. 9). The reaction
wvas more apparent in thece animals since they showed nc e&idence of
excitation during the terminal minutes of exposure. Adrenalectanized
animals also exhibited the transient heart rate response (Fig. 10),
although less reliably. As with their initial reactions to cxporure,
the responce was delayed in its first appearance. Non-adapted normal
rats showed an elevation in heart rate, absent during the terminal
minutes of exposure, which appeared immediately following termination
of exposure and was still present at 30 minutes (Fig. 7). Only in
restrained, excited animals (Fig. 8) was there a lack of response
with the termination of irradiation,

DISCUSSION

It is evident that ionizing radiation can act in a manner quite
analogous to a stimulus in that it elicits an arousal recaction from
slecep. Observations under sham exposure conditions demonstrated that
this reaction could not be attributed to ctimulus artifacts associated
with the procedure of exposure. Radistion was effective during the
sleep stafe; a condition in which the animal is considered to be
relativelv insensitive to stimulation (¥7-49). Arcusel from sleep .

depends upon the relatively slow facilitation (emplification)
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mechanisms of the ascending portions of the extra-lemniscal (reticular)
system of Magoun (SO, 51). Since behavioral and heart rate measurements
reflect terminal events in slow effector systems, the neurophysiologic
events initiated by X-ray exposure must have occurred very early
within the first sampling interval of 12 seconds. The rapid appearance
of an arocusal reaction following the start of exposure to X rays tends
to rule out stimulation through abscopal effects at sites remote from
nervous tissue, but is consistent with the thesis that ionizing radia-
tion can stimulate the nervous system directly.

The intensity of the initial reactions was dependent upon the
dose-rate of exposure. Exposure at the dose rate of 0.25 r/ sec elicited
only a mild, transient arousal reaction, whereas a dose rate of 1.9
r/ sec produced a reaction which was sustained longer, affected more
animals, and involved additional sub-cortical regions as reflected by
the acceleration in heart rate. The more intense form of the reaction
wvas not dependent upon total exposure dose, since it was absent in the
low-intensity exposure group at comparable accumilated doses.

The arousal response appears to be a very sensitive reaction to
X-ray stimulation. The doses eccumulated by the end of the first in-
terval of 12 seconds were 3 and 23 r, respectively, for the low and
high exposure intensities. This initial reaction to X-ray stimulation
in the rat, both in latency and in radiosensitivity, is comparable to

the most sensitive of the many reflex-like responses found to occur
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in invertebrates (29,30). Detection of stimulation in the present
study is, of course, dependent upon the concurrent state of the ani-
mal. The effects were not dependent in any simple manner upon the
state of the nervous system during sleep, since reactions were also
observed in restrained animals and in initially active ophthalmecto-
mized animals.

Although X rays act in the manner of a stimulus, its mode of
action is less certain. There is no known specific "radiation re-
ceptor”, and only the visual (photo-chemical) receptor system has been
shown to be sensitive to ionizing radiation at energy levels at all
canparable to those for the adequate stimulus of light (18,19). Many
of the prampt behavioral responses by invertebrates to ionizing irrad-
iation are of a form normally elicited by light (29,30,32,52) and
therefore may be produced through stimulation of photo-chemical sys-
tems. In the mammal, EEG responses have been reported to occur
immediately following the start of irradiation (53), even within the
first second during gamma-ray (Co6o) exposure of rabbits at dose rates
of 2.5 r/sec or more (54). However, these measurements might reflect
the central effects of retinal stimulation since the visual system wvas
intact and no tests of possible direct visual stimilation by rsdiation
were imposed.

The extent to which X-ray stimulation of the visual system in

normal animals may pley a role in the present observations has not
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been determined. Asleep and with eyes closed, the rats in Series I
were at least partially dark adapted, so that exposure, even at the
low intensity of 0.25 r/ sec, may have elicited a response to visual
stimulation. However, visual stimulation, although possibly present,
cannot account for all initial reactions, since similarly trained
animals without retinas exhibited the intense form of arousal within
the first interval of 12 seconds at the intensity of 1.9 r/sec.

The pattern of initial reactions in blinded rats furnishes a
comparison of interest with the reaction pattern in sighted animals.
Although exposed at the same intensity, the initial reaction by
blinded rats involved cardiac acceleration, which was absent in the
normal animal at the earliest test point. The initial absence of a
cardiac response in sighted rats could result if visual stimulation
exerted a transient inhibitory effect on the excitability of the
reticular system to the non-visual mode(s) of X-ray stimulation.
8Buch corticofugal inhibitory systems have been invoked to account both
for "gating" of sensory influx to the CNS (55-58) and selective atten-
tion (51). Specifically, Wada (59) has demonstrated inhibitory effects
of retinal stimulation at various sub-cortical sites, including the
hypothalamus. In the present study, sensory deprivation, limited to
the visual mode, could results in release from cortical inhibition and
produce theredby greater excitability through non-visual mode(s) of
stimulation.



The non-visual mode(s) for stimulation by X rays, as demonstrated
in blind animals, can only be conjectured. However, some non-visual
receptor systems can be reasonably eliminated as possible modes.
Tobias, et al (60), have demonstrated a standard blink reflex in the
rabbit in which the radiation by heavy ions was limited to the corneal
layer containing fibers endings. The threshold intensity for this
response system was 10,000 rad in a 2 msec pulse, which is several
million times greater than that required in the present study. Re-
ceptor systems vhich involve spike generation in bare fibers, without
pre-synaptic receptor amplification for the generation of "receptor
potentials” (61), might be expected to show a similar level of sensi-
tivity to ionizing radiation. This could conceivably exclude from
consideration many sensory systems, including pain, touch, possibly
skin temperature (62), and, perhaps, many mechancreceptors. Receptors
more likely to be directly stimulated by ionizing radiation would be
those chemoreceptors which involve radiosensitive biochemical systems
at the transduction or early amplification stages of receptor functiom.
This would occur in a manner analogous to that suggested by Lipetsz
(19) to be the case for the photochemical receptor processes in the
retina. Indirect evidence for non-visual, chemoreceptor sensitivity
is provided by the presence in some invertebrates, e.g. the ant, of
responses to irradiation which normally are elicited by chemical
stimli (30).




The rediation stimulus action need not be limited to sensory
systems but could involve alterations of syneptic junctions as well.
Long ego, Toyema (63) made such & proposal in his investigations of
cardiovascular effects with irradiation of peripheral and central
ganglia. Seversal theories for direct nervous system effects have
been advanced recently. As an extension of en enzyme-release theory
(64), the rapid release or liberation of neurchormones, particulerly
amines, was proposed by Brinkman (65) to account for prompt reactions.
These substances could conceivebly stimumlate the CNS secondarily
through effects on peripheral systems. This indirect process of sti-
mulation, however, would be unlikely to occur with sufficlent rapidity
to produce the relatively slow reaction of arousal within 12 seconds
following the start of exposure. However, labile forms of several
emines, including serotonin, are present in the brain with the highest
concentrations found in the hypothalemus and reticular formation (66).
The edrenergic components of the reticuler system are directly sensi-
tive to a number of catecholamines (67) whether originating peripheral-
ly from post-ganglionic sympathetic effector sites (68) and the edrenal
medulla (69,70), or from local release within the brain stem (68,71).
Accordingly, radiation-induced neurchormonal release from neuro-
vesicles located in synaptic regions in brain tissue could occur
immediately and thus effect central activity. Several mechanisms for

direct alterations in cell membranes by irradiation have also been
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proposed for neural stimmlation. Both the direct electrical effect on the
membrane potential by ion formation (31,72) and the effect of ioniza-
tion on metabolic processes (65,73,74), especially the "sodium-pump"®,

have been suggested for high-intensity radiation effects. Hug has
proposed (31) that irradiation at low intensities may directly, and
reversibly, affect the macramolecular layers of the membrane or,
alternatively, that neurochemical processes are effected which then

act physiologically on the cell membrane.

It is conceivable that penetrating ionizing radiation acts in
the manner of a "distributed stimmlus” in that the energy transfer
with irradiation occurs nearly instantaneously throughout large
magses of nervous tissue. Its effectiveness as a distributed stimu-
lus may depend upon differential density of sensitive structures, the
functional organization, and also the mamentary state of excitability
of those portions of the nervous system that are exposed. The arousal
reactions to radiation are similar to the mild reactions that accom-
pany spontaneous arousal fram sleep, and that are normally associated
with relatively slight changes in the tonic, autochthonous activity
of the reticular system (68). Minute alterations induced by rediatiom
in each >f a great many synaptic regions, as postulated by & volume
stimmlus conceptualization, could produce similar disturbances. De-
tection of the disturbance would depend upon the reticular system

facilitating (amplifying) the consequences of the initial effect.
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Volume effects in other ganglia, both central and periphersl, might
also produce alterations in influx to the reticular system through its
manifold connections (75,76) and, thereby, produce prompt activation
of the CNS and behavioral arousal.

The action of radiation which produced the initial activation
may be expected to continue with the continuation of exposure. How-
ever, other sources of stimulation could arise and complicate the
pattern of both behavioral and heart rate responses over time. Such
sources of stimulation may include the effects of irradiation on
peripheral systems, particularly in smooth muscles (30,31), in the
gastrointestinal system (33,77), and from the diffuse release of
neurohormones (64,65) and various toxic substances fram injured cells
(21,64,78,79). Immediately following a 4 to ll-minute exposure (200r,
LoOr) of cats, Gangloff and Haley (5) showed that changes in cortical
and sub-cortical electrographic measurements occurred in correspond=-
ence to alterations in behavior. More recently, Gangloff (8) reported
that the rate of hippocempal spiking was altered in the rabbit during
exposure of the head to 400r. In the present study, continued activa-
tion in adapted animals during exposure at the high dose rate very
likely reflects the effect of these additional sources of stimulation.

A short period of excitation followed the termination of ex-
posure to the lethal, 1,000 r dose in all series except that which

involved restrained animals. As displayed in the behavior of adapted
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normal animals, excitation occurred following exposure at both
dose rates. Groups in which excitatory effects were not displayed
during the last minutes of exposure exhibited this reaction as a
distinct transitory response in behavior and/or heart rate in the
immediate post-exposure period. Although this reaction may reflect
an "off" phenocmenon, possibly associated with a release from an
inhibition induced during exposure, it may also be related to the
injurious effects of the accumulated exposure dose.
SUMMARY

Whole-body exposure to 250 kvp X rays was found to have an
immediate stimulative effect on the nervous system of the adapted,
unanesthetized adult rat. Exposure at a low dose rate (0.25 r/sec)
produced a transitory arousal from sleep within the first 12 seconds
(accrued dose of 3 r). At a higher dose rate (1.9 r/sec) this ini-
tial reaction increased in scope and, by 30 seconds, included also
an acceleration in heart rate as well. Only animals exposed at
the higher dose rate exhibited evidence of excitation during the
residual period of exposure to a 1,000 r total dose. Accordingly,
the intensity of the reaction during exposure depended upon the dose
rate rather than the total dose. A transient excitatory effect at
the termination of exposure was indicated by the occurrence of be-
havioral wakefulness for a period of minutes following exposure at

both dose rates. The excitatory effects of irradiation were not
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dependent upon adrenal function since adrenalectomized animals
showed a sequence of reactions comparable to that shown by normal
animals but with longer latencies. Stimulation through radio-
sensitive mechanisms apart from the visual recep’or system was
indicated since ophthalmectomized animals exhibited both behavioral
and heart rate responses within seconds after the start of exposure.
Same possible modes for the action of ionizing radiation as a

stimulus to the nervous system are discussed.
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FIG. 1. Distribution of rats on heart rate measurements (beats/min.)
made during the last pre-irradiation interval (-0.6 to 0.0 min.) by
dose-rate groups within each series.



1.007T a1 T
P-4
o 1
§=§ = | xx . ]
0.00 "]
80 ___ | s—=a 1.9 r/SEC (15) ]
- | 0—0 025 r/SEC (I7) ]
a [~ | —— CONTROLS (23)
% 60 | .
=2
z | —
gé 40""| —
u —
e — |
5 20 |
| _ ‘ N
&
 (339H |
— | -
2ol Il 1 1 woeadtgnd 1 ] | )

-03 01 05 092 5 10 15 20 256 30
MINUTES FROM START OF EXPOSURE

FIG. 2. Alterations after the start of exposure to X rays in the
relative incidence of active behavior (upper) and mean heart rate
(lower) in initially inactive rats (Series I). Mean heart rates were
adjusted in co-variance analysis and graphed as the difference value
from the pooled pre-irradiation mean. The upper 95% confidence inter-
val limit on behavior (x) and the standard error limits on heart rate
(vertical marker) are indicated for the control group.

28



100 /71

|
|
I
0.50 - : —
|

ODOL———Jc’/ﬁi J ® 19wsecom

O 0.25r/SEC(6)
40 - 7 —~— CONTROLS (10}

PROPORTION
"ACTIVE"

20

(339K

1

-20 %

CHANGE IN HEART RATE
1%&;

P

L1 )
-18 6 36
SECONDS FROM START
OF SHAM EXPOSURE

FIG. 3. Behavior and heart rate responses during the sham-exposure

test in initially inactive rats (Series I). Figure notations as
in Fig. 2.



100

i

L
i

PROPORTION
"ACTIVE"
[o]
(¢
o
1
i

(=]
Q
o

T ® 1.91/SEC(5)
—— CONTROLS (5)

H
(o]
i
_

—~
(7}
H
~
~x

L1

T

Ry 1 =
=18 6 30 54

SECONDS FROM START
OF EXPOSURE

CHANGE IN HEART
RATE (ADJUSTED)
T
1

1
n
(o]

FIG. 4. Immediate changes in the relative incidence of active be-
havior (upper) and mean heart rate (lower) in initially inactive
rats that were subjected to bilateral ophthalmectomy & month before
the exposure test (Series I1). Figure notations as in Fig. 2.

30



o
o

PROPORTION
"ACTIVE"
(o]
(¢,
o

8 1.9r/SEC (5)
= CONTROLS (5)
» [INTERPOLATED
VALUE

o
H O
o O

n
o

D)
3

CHANGE IN HEART
RATE (ADJUSTED)

R P
-18 6 30 54

SECONDS FROM START
OF EXPOSURE

I
n
o

f

FIG. 5. Immediate changes in the relative incidence of active be-
havior (upper) and mean heart rate (lower) in initially inactive
rats that were subjected to bilateral adrenalectomy & week before
the exposure test (Series III). Figure notations as in Fig. 2.

3



PROPORTION
llAchvEll

CHANGE IN
HEART RATE (ADJUSTED)

1.00 T % [TTTTTITT T T T T
050 |
0.00 - | —
—| *=—=a 1.9 r/SEC (7) -
| 0—o0 0.25 r/SEC (6) -
40|~ | e CONTROLS (7) -
- , -
20 |
B
(385H
— |
-20— |
— |
-q0- |
— |
W ] 1 |
-03 01 05 092 5 10 15 20 25 30

MINUTES FROM START OF EXPOSURE

FIG. 6. Alterations after the start of cxposure to X rays in the
relative incidence of active behavior (upper) and mean heart rate

(lower) in initially active rats (Series I).

in Fig. 2.

Figure notations as

32



S e B B R A
o} | _

b |
S T -
29 (iay ]

o |
o —
33 o0 | -
O b— | -

3 |

g -401- »—=a 19r/SEC (6)

T | —— CONTROLS (6) ~
ol | ]
T R I T A

-03 0l 05 092 5§ o 15 20 25 30
MINUTES FROM START OF EXPOSURE

FIG. 7 Alterations in mean heart rate in non-adapted rats follow-
ing the start of exposure to X rays (Series IV). All animale vere
rated as active at the start of exposure. Figure notations as in
Fig. 2.

33



g ®fyT v ormmmT T T T
E — ® 19r/SEC  (6) -
g 20 I =~—CONTROLS (6) ]
z | |
w |

©,, (5i5H -
Z - l |
<g

55 of-| i
3 |

g — * N<3, INTERPOLATED VALUE -
N [ R R A T TR VT T TR R B

-03 01 05 092 5 10 5 20 25 30
MINUTES FROM START OF EXPOSURE

FIG. 8 Alterations in mean heart rate in non-adapted, restrained
rats following the start of exposure to X rays (Series V). Figure
notations as in Fig. 2.

34



=— 19 ¢/SEC (9

sor } ——— CONTROLS (9) ]

3 |
B [ -
2 401 =
z3 | _
g- 20| | =

Sk |
5 i
(3534 i
EL _
T 2} | —
| -
SY.X ' R R B N A U N A N Y N IR N S
-03 0105 092 5 10 15 20 25 30

MINUTES FROM START OF EXPOSURE

FIG. 9. Alterations after the start of exposure to X rays in the
relative incidence of active behavior and mean heart rate in

ophthalmectomized, adapted rats (Series II).

ag in Fig. 2.

35

Figure notations




:

L T | [ 7

0.50 —

PROPORTION
"ACTIVE"

oool | |

&—4& 1.9 r/SEC (8) .
—— CONTROLS (8) —

n
Qo
|

CHANGE IN
HEART RATE (ADJUSTED)

|
|
[ | LWl l J 1 |—
-03 01 05 092 5 10 15 20 25 30

MINUTES FROM START OF EXPOSURE

FIG. 10. Alterations after the start of exposure to X rays in the
relative incidence of active behavior and mean heart rate in

adrenalectomized, adapted rats {(Series III). Figure notations as
in Fig. 2.

36



°191JearIay) ATSnonuratod
9TIQUTIvA®R apem UOTINTOS TJHBN 4T pue ade Jo shep ¢< 38 pamrojrad AmojoaTwuszpe .ndhopdﬂﬂman.v

‘388 Jo sfsp h 3% pemrojrad Awojosureyydo TexaqeTIg (®)

S9t-262 89-29 -- 9 9 2 °pPauUTBIISAY
:A SHTVSS

g9t-Sl2 99-66 -- 9 9 g * pazdepe-uoy
SAT SITYAS

e6E-Tl2 S9-£9 -- el ] £ “( wwvouﬁspoo
~Touaapée ‘paydepy
<III SIIvNES

0EE-092 9.-89 - 6 6 N ° (v)PPZTWO303
-aﬂﬁm& ‘paydepy
:I1 SATHES

wle-062 T9-66 €2 22 ot kAl ‘Tewrou ‘paydepy
:I sATYAS

(swmeap) (sfeq) (Sz--€£2°) (0'2-9°T) (pavratus) * SIdXT SNOLLIQNOD
IHOIIM IOV ZIVY MOT EIVY HOTH _ STOMINOD d0 TVINSWIUSDS

XQo€ NI FONVY NI FONVY N.oowmhv SdN0¥D INIAKLVAL, UTINNN NV SATHIS

dNO¥d INSWLVAYY, X9 SATYAS HOVE NI STVWINV 40 NOLLNETHISIA ‘I TEVL

37



*FATIOV DIjel N JO 83.8&&3

*(€°0~ pue QO°£-) sTBAINUT
uojjeIpeLIT-aad usamiaq 38X 3I83Y Jo (sdnogd 338I-3S0P UTHIA) UOTIVTILIOD quamom-qonposd aBerase oﬁ.bw

0g° (€2)S1S 2T €0
(#2)ors 21 0-¢- «pauTeaI3sIy

A SAIHIS

?

" (ee)ytq 2T €
8| (i)gon 2t| o

™

s ott #1/T §(S2)%eh 9 (se)th ot gt* car (s2)oth 91 €-0- *309TBUSIY
1€ 8 (2)lty ot | o€ “pordepy
:II1 SHTuES

Isu  TT°T OT/T [(TE)T9E @ (o2)hE ot e 6L (S2)esE g1 €0 *q03ureyiydo
0s° (2€)2sE gt 0-€- ‘pasdepy
:IT SITYAS

20°>9L'9 €L/T J(9€)SgE o2 (€2)6E€ <SS 1z 06" (€€)18E SL m.m.
°0 -

€ (g2)ese sl Tewrxou ¢pasydepy
I SHTHAS
M 1, . . —
(®) W n Rl WOLLLE WO el BN B -
ALV} SATIOVNT | NOTAVHAE | IV DMVEH | . qoner SIS
HOIAVHAY X9 QIINOWD FAIVY INVIH SINOYD FLVH-FASOdA JANTINOD -ad @V

*S9TJI38 PIjdepe 3yl JOJ PIWITP

-Ul 9I8 JATAOB S8 JO SATIOBUT SB JOTABUYSQ UO ATTETIUSIIIITP POjel STBWIUR USaAM1aQ Sueam 338X 3I83Y

uO 3833 IDUBTIVA JO STSATEUS Y} JO SATNSAX JYJ, “SINUTW 00 03 9°0- WOIJ TBAIINUT 3} 8aj3euldys

-9p ,£°0-, I9YJUW Y3 PUY SIINUTW O°T- 03 0°G- WOIT TVAIIRUT Y3 $33eudTsap ,0°E-, IINIPW T
-aansodxa LvI-Y JO 31838 a3 o3 Jo0Txd STBAXd3UT OM3 JOJ JOTABYDSQ puw A.nﬁﬁ\madonv 839891 3JIB9Y UL

SITUAS TVINAWIHIDE Xd TUNSOIXE J0 JHVIS THI FHOSIE HOIAVHIE ANV JIVY JUVAH °II ITHVL

38



1.

REFERENCES
T. J. Haley and R. 8. Snider, (BEds.) Response of the Nervous
System to Ionizing Radiation. Academic Press, New York, (1962).
International Atomic Energy Agency, Effects of Ionizing Radia-
tion on the Nervous System. Proc. of the Sympos. on the Bffects

of Ionizing Radiation on the Nervous System, Vienna, June, 1961.
Internat. Atomic Energy Agency, Vienna, (1962).

W. 0. Caster, E. S. Redgate and W. D. Armstrong, Changes in the
central nervous system after 700 r total-body x-irradiation.
Red. Res., 8, 92-97, (19%8).

W. 0. Caster and W. D. Armstrong, Evidence of central nervous
system involvement in radiation damage. pp. 411-424 in Effects
of Ionizing Radiation on the Nervous System (Proc. of the Sympos.,
\(fi;lgn;., June, 1901). Internat. Atamic Energy Agency, Viennas,
1962).

H. Gangloff and T. J. Haley, Effects of x-irradiation on spon-
taneous and evoked brain electricel activity in cats. Rad. Res.,
12, 69k-70k, (1960).

T. J. Haley, Changes induced in brain activity by low doses of x-
irrediation. pp. 171-185 in Effects of Ionizing Radiation on the
Nervous System (Proc. of the Sympos., Vienna, June, 1961). -
ternat. Atomic Energy Agency, Vienna, (1962).

M. Monnier and P. Krupp, Action of gamma radiation on electrical
brain activity. pp. 607-624 in T. J. Haley and R. S. Snider
(Eds.), Response of the Nervous System to Ionizing Radiation.
Academic Press, New York, (1962).

H. Gangloff, Acute effects of x-irradiation on brain electrical
activity in cats and rabbits. pp. 123-135 in Effects of Ionizing
Radiation on the Nervous System (Proc. of the Sympose, Vienna,
June, 1961). Internat. Atomic Energy Agency, Vienna, (1962).

Yu. G. Grigor'ev, (Data on the reactions of the human nervous
system to ionizing radiations). State Publishing House of

Medical Literature, Moscow, 1958. Translated in Translation Series.

Biology and Medicine, AEC-tr-4284, U. S. Atomic Energy Cammission,
Washington, D. C., (1960).

35




10.

ll‘

12,

13.

14,

15.

16.

7.

18.

19.

W. R. Stahl, A review of soviet research on the central nervous
system effects of ionizing radiations. J. Nerv. Ment. Dis., 129,
511-529, (1959). -

W. R. Stahl, Review of neurophysiologic and psychologic research
on irradiation injury in the U.S.S.R. pp. 469-488 in T. J. Haley
and R. 8. Snider 2&15.) » Response of the Nervous System to Ioniz-
ing Radiation. Academic Press, New York, (1902).

N. N. Livshits, Physiological effects of nuclear radiations on
the central nervous system. Adv. Biol. Med. Physics, 7, 173-248,

(1960).

N. I. Grashchenkov, Morphologic and pathophysiologic signs of
the response of the nervous system to ionizing radiation. pp.
297-314% in T. J. Haley and R. S. Snider (Eds.), Response of the
Nervous System to Ionizing Radiation. Academic Press, New York,
(1962).

A. V. Lebedinskii, (Effects of ionizing radiations on the vegeta-
tive nervous system). PP. 375-395 in Effects of Ionizing Radia-
tion on the Nervous System (Proc. of the Sympos., Vienna, June,
1%1). Internat. Atomic Energy Agency, Vienna, (1962). 1In
Russian.

L. E. Lipetz, The x ray and radium phosphene. Brit. J. Ophthal.,
39, 577-598, (1955).

R. R. Newell, Roentgen rays: visibility. pp. 601-603 in O.
Glasser (Ed.), Medical Physics, Vol. III, Year Book, Chicago,

(1960).

L. E. Lipetz, Electrophysiology of the x-ray phosphene. Rad.
Res., 2, 306-329, (1955).

L. E. Lipetz, The effects of low doses of high-energy radiation
on visual function. pp. 227-231 in A. A. Buzzati-Traverso (Ed.),
Immediate and Low Level Effects of Ionizing Radiations (Venice
Conferex(xce, .)Tune, 1959). Special Supplement, Internat. J. Rad.
Biol., (1 .

L. E. Lipetz, Effects of ionizing radiation on visual function.
PpP. 533-542 in T. J. Haley and R. 8. Snider (Eds.), Response of
ess, New

the Nervous System to Ionizing Radiation. Academic
York, (1962).

ko



24,

25.

30.

L]
H. Bornschein, R. Pape and J. Zakovsky, Uber die Rontgenstrahlen-
empfindlichkeit der menschlichen Netzhaut. Naturwissenschaften,
Lo, 251, (1953), (Abstract).

R. Brinkman and H. B. Lamberts, Examples of immediate low-level
x-ray effects: their significance for the study of chemical
protection. pp. 167-175 in A. A. Buzzati-Traverso (Ed.), Immed-
iate and Low Level Effects of Ionizing Radiations (Venice Con-
{ez;gt):e, June, 1959). Special Supplement, Internat. J. Rad. Biol.,
1l .

C. 8. Bachofer and S. E. Wittry, Electroretinogram in response
to x-ray stimulation. Science, 133, 642-6uk, (1961).

W. K. Noell, X-irradiation studies on the mammalian retina. pp.

543-559 in T. J. Haley and R. S. Snider (Bds.), Re se of the
Nervous System to Ionizing Radiation. Academic Fr_:ss, Nev York,
(1%27.

J. Garcia, D. J. Kimeldorf and E. L. Hunt, The use of ionizing
radiation as a motivating stimulus. Psychol. Bev., 68, 383-
395, (1961).

D. J. Kimeldorf, Radiation-conditioned behavior. pp. 683-690 in
T. J. Haley and R. S. Snider (Eds.), Response of the Nervous
System to Ionizing Radiation. Acedemic g:—ess, New York, (1962).
J. Garcia and D. J. Kimeldorf, Conditioned avoidance behavior

induced by low dose fast neutron exposure. Nature, 185, 261-
262, (1960).

J. Garcia and D. J. Kimeldorf, The effect of ophthalmectomy upm
responses of the rat to radiation and taste stimuli. J. Comp.
Physiol. Psychol., 51, 288-291, (1958).

J. Garcia and D. J. Kimeldorf, Some factors which influence radia-
tion conditioned behavior in rats. Rad. Res., 12, 719-727, (1960). -

0'.. Mg, Die AuslSBung von Fuhlerreflexen bei Schnecken durch
Rontgen- und Alphastrahlen. Strahlentherapie, 106, 155-160, (1958).

0. Hug, Reflex-like responses of lower animals and mapmalian

organs to ionizing radiation. pp. 217-226 in A. A. Buzzati-
Traverso (Ed.), Immediate and Low Level Effects of Ionizing Radia-
tions (Venice Conference, June, 1959). Special Supplement, Internat.
J. Rad. Biol., (1960).

n




31.

32.

33.

34,

36.

38.

39.

40.

bl.

he.

O. Hug, Hypotheses on the action mechanisms of the effect of
ionizing rediation on the nervous system. . 4B9-495 in Effects

of Ionizing Radiation on the Nervous Syﬁs;cem Proce of the Sympos.,
\(Iienm;., June, 1961), Internat. Atamic Energy Agency, Vienna,
1962).

W. Born, Zur Auslgsung von Reflexen bei Schnecken durch Rgntgen-
und Alphastrahlen. Strahlentherapie, 112, 634-636, (1960).

D. C. Jones and D. J. Kimeldorf, Gastrointestinal function dur-
ing exposure to x-rays. Rad. Res., 11, 832-843, (1959).

A. Vacek, Significance of the adrenals for increased oxygen
consumption in rats during irradiation. Nature, 186, 90-91,

(1960).

H. B. Lemberts and B. G.Dijken, Contributions to the study of
immediate and early x-ray reactions with regard to chemoprotec-
tion: IV. Gastric retention in rats after whole-body irradia-
tion. Internat. J. Rad. Biol., k4, 43.48, (1961).

2. M. Bacq, P. G. Smelik, M. Goutier-Pirotte and J. Renson,
Effect of the destruction of hypothalamus on the suprarenal
response of the rat to total body irradiation. Brit. J. Radiol.,
33, 618-621, (1960).

McC. Goodall and M. Long, Effect of whole-body x-irradiation on
the adrenal medulla and the hormones adrensline and noradrena-
line. Amer. J. Physiol., 197, 1265-1270, (1959).

E. L. Hunt and D. J. Kimeldorf, Heart, respiration and tempera-
ture measurements in the rat during the sleep state. J. Appl.

Physiol., 15, 733-735, (1960).

E. L. Crow, Tables for determining confidence limits for a
proportion in binomial sampling. Biometrika, 43, 423-435, (1956).

D. J. Finney, The Fisher-Yates test of significance in 2 x 2
contingency tables. Biometrika, 35, 145-156, (1948).

?. 911:c1)0ema.r, Psychological Statistics. John Wiley, New York,
1949).

De R. Cox, The use of concomitant variable in selecting an ex-
perimental design. Biometrika, 4k, 150-158, (1957).

4o



k7.
L8.

k9.

51.

52.

53.

5h.

55.

G. W. Snedecor, Statistical Methods. Iowa 5t. Coll. Press.,
Ames, (1946).

W. G. Cochran, Analysis of covariance: its nature and uses.
Biometrics, 13, 261-281, (1957).

H. F. Smith, Interpretation of adjusted treatment means and
regressions in analysis of covariance. Biometrics, 13, 282-
308, (1957).

E. L. Hunt and D. J. Kimeldorf, Evidence for direct stimulation
of the maymalian nervous system with ionizing radiation. Science,
137, 857-859, (1962).

N. Kleitmen, Sleep. Physiol. Rev., 9, 624-665, (1929).

N. Kleitman, Sleep and wakefulness. pp. 1433-1438 in O. Glasser
(Ed.), Medical Physics, Vol. I, Year Book, Chicago, (19uk4).

P. Bard, Some further analyses of the functions of the cerebrum.
Pp. 1207-1226 in P. Bard (m.;, Medical Physiology, Chapt. 77,
C. V. Mosby, St. Louis, (1956

L]

H. W. Magoun, The Waking Brain. Thomas, Springfield, (1958).

D. B. Lindsley, Psychophysiology and motivation. pp. 44-105
in M. R. Jones (Ed.), Nebraska Symposium on Motivation: 1957.
U. of Nebraska Press, Lincoln, (1957).

E. R. Baylor and F. E. Smith, Animal perception of x-rays. Rad.
Res., 8, 466-b7k, (1958).

M. N. Livanov, (The sensitivity of the nervous system to low-
level radiation). pp. 471-482 in Effects of Ionizing Radiation
on the Nervous System (Proc. of the Bympos., Vienna, June, 1961).
Internat. Atomic Energy Agency, Vienna, (1962). In Ruasian.

A. B. Tsypin and Yu. G. Grigor'ev, (Quantitative measurements

of the sensitivity of the central nervous system to ionizing
radiation). Bulletin of Experimental Biology and Medicine, 1960,
49, 26-30, 1960. Translated by Consultants Bureau Enterprises,
Inc., N. Y., (1960).

J. D. French, Corticifugal connections with the reticular forma-
tion. pp. 491-505 in H. H. Jasper, et al, (Eds.), Reticular For-
mation of the Brain. Little, Brown and Co., Boston, l19§3$.

43



58.

59.

61.

62.

63.

6l.

65.

67.

H. H. Jasper, Recent advances in our understanding of ascending
activities of the reticular system. pp. 319-332 in H. H. Jasper,
et al, (Eds.), Reticular Formation of the Brain. Little, Brown,
and Co., Boston, (1950).

R. B. Livingston, Central control of afferent activity. pp. 177-
185 in H. H. Jasper, et al, (Eds.), Reticular Formation of the
Brain. Little, Brown, and Co., Boston, (1958).

J. Vernon and T. E. McGill, Sensory deprivation and pain thres-
holds. Science, 133, 330-331, (1961).

J. Wada, Comments in discussion. pp. 507-510 in H. H. Jasper,
et al, (Eds.), Reticular Formation of the Brain. Little, Brown,
and Co., Boston, (1958).

C. A. Tobias, J.luce, J. Lymen, N. Yanni and S. Kimra, Stimula-
tion of nerve action by pulsed accelerated beams of heavy ions.
Raed. Res., 16, 595, (1962) (Abstract).

H. Davis, Some principles of sensory receptor action. Physiol.
Rev., 41, 391-k16, (1961).

D. R. Kenshalo and J. P. Nafe, A quantitative theory of feel-
ing: 1960. Psychol. Rev., 69, 17-33, (1962).

"
T. Toyama, Uber die Wirkung der Rgntgenstra.hlen suf die Darmbe-
Yegungen des kaninchens. Tohoku J. Exper. Med., 22, 196-200,
1933).

Z. M. Bacq and P. Alexander, Fundamentals of Radiobiology, (2nd.
Ed.). Pergamon, New York, (1961).

R. Brinkmen, Radiobiology of nervous receptors. pp. 3-9 in

Effects of Ionizing Radiation on the Nervous System (Proc. of
the Sympos., Vienna, June, 1961). Internat. Atomic Energy-Agency,

Vienna, (1962).

?. §8 )Himwich, Psychopharmacologic drugs. Science, 127, 59-72,
1958).

A. B. Rothballer, The effects of the catecholamines on the
central nervous system. Pharm. Rev., 11, kok-5i7, (1959).

Ll



69.

T0.

T1.

T2.

Th.

75.

76.

T7.

78.

P. C. Dell, Humoral effecte on the brain stem reticular forma-
tion. pp. 365-379 in H. H. Jasper, et al. (Eds.), Reticular
Formation of the Brain, Little, Brown and Co., Boston, (1958).

M. Bonvallet, P. Dell and G. Hiebel, Tonus sympathetique et
activited !lectrique corticale. EEG Clin. Neurophysiol., é, 119-

1hh, (1954).

A. B. Rothballer, Studies on the adrenaline-sensitive component

of the reticular activating system. EEG Clin. Neurophysiol.,
8, 603-621, (1956).

D. P. Purpura, A neurchumoral mechanism of reticulo-cortical
activation. Amer. J. Physiol., 186, 250-254, (1956).

G. T. Gaffey, Bioelectric effects of high energy irradiation on
nerve. pp. 277-296 in T. J. Haley and R. S. Snider (Eds.),

Response of the Nervous System to Ionizing Radiation, Academic
Press, New York, (1962).

B. Pillat, P. Heistracher and O. Kraupp, Effects of x-irradia-
tion on purkinje fibres. pp. 367-373 in Effect of Ionizing

Radiation on the Nervous System (Proc. of the Sympos., Vienna,
June, 1961). Internat, Atomic Energy Agency, Vienna, (1962).

H. D. Bergeder, On the action mechanism of ionizing radiation
to irritation processes. pp. 485-488 in Effects of Ionizing
Rediation on the Nervous System (Proc. of the Sympos., Vienna,
June, 1961). Internat. Atomic Energy Agency, Vienna, (1962).

D. B. Lindsley, Physiological psychology. pp. 323-348 in P. R.
Farnsworth and Q. McNemar (Eds.), Annual Review of Psychology.
Vol. 7, ‘Annual Reviews, Stanford, (1956).

H. H. Jasper, L. D. Proctor, R. S. Knighton, W. C. Noshay and
R. T. Costello (Eds.), Reticular Formation of the Brain, Little,
Brown and Co., Boston, (1958).

R. A. Conard, Effect of x-irradiation on intestinal motility of
the rat. Amer. J. Physiol., 162, 375-385, (1951).

R. P. Weber and F. R. Steggerda, Histamine in rat tissue: corre-
lation with blood pressure changes following x-irradiation. Proec.
Soc. Exper. Biol. Med., 803, 261-263, (1951). ~

k5



79. T. J. Haley, R. F. Riley, I. Williams and M. R. Andem, Presence

and identity of vasotropic substances in blood of rats subjected

to acute vhole body roentgen ray irradiation. Amer. J. Physiol.,
168, 628-636, (1952).

46



Biology and Medicine

INITIAL DISTRIBUTION
Copies
NAVY

Chief, Bureau of Ships (Code 335)

Chief, Bureau of Ships (Code 320)

Chief, Bureau of Medicine and Burgery

Chief of Naval Operations (Op-O7T)

Chief of Naval Research (Code 10k4)

Director, Naval Research Laboratory (Code 2021)
Office of Naval Research (Code L22

Office of Naval Research (Code Lkl

Office of Naval Research, FPO, New York

Naval Medical Research Institute

0iC, Radiation Exposure Evaluation Laboratory
Director, Aviation Medical Accelerstion Laboratory
U. B. Raval Postgraduate School, Monterey
Commander, Naval Ordnance Laboratory, Silver Spring
Naval Missile Center (Code 5700)

U. 8. Naval Hospital, Ban Diego

CO, Neval Medical Research Unit No. 2

CO, Naval Medical Field Research Laboratory, Cemp Lejeune

HPHHPPPPwSHHwPPMHw

ARMY

Chief of Research and Development (Atcmic Division)
Chief of Research and Development (Life Science Division)
Deputy Chief of Staff for Military Operstions (CBR)
Chief of Engineers (ENGMC-DE)

Chief of Engineers (ENGCW)

CG, Army Materiel Command (AMCRD-DE-XE)

CG, USA CBR Agency

CO, BW Laboratories

CO, Fort McClellan Alabema

Commandant, Chemical Corps Schools (Library)

C3, CBR Combat Developments Agency

CO, Chemical Research and Development laboretoriss
Commender, Chemical Corps Kuclear Defense lLadoretory
Hq., Army Buvironmental Hygiene Agency

CG., Aberdeen Proving Ground

HE R RWR e

47




FPHEPHREPWHRERRERE DR

T N A A .

FREPORREPW

CO, Army Medical Research Laboratory

Army Medical Research and Nutrition Laboratory (MEDEN-AD)
CO, Army Medical Service Combat Developments Agency
Medical Field Service School, Fort Sam Houston (Stimson Lib.)
Brooke Army Medicel Center (Dept. Prev. Med.)

Director, Surgical Research Unit, Fort Sam Houston
Director, Walter Reed Army Medical Center

Hq., Army Nuclear Medicine Research Detach., Europe

CG, Combat Developments Command (CDCMR-V)

CG, Quartermester Res. and Eng. Command

Hq., Dugway Proving Ground

The Surgeon General (MEDNE)

Office of the Surgeon General (Combat Dev.)

CG, Engineer Res. and Dev. Laboratory

Director, Office of Special Weapons Development

CG, Munitions Command

CO, Frankford Arsenal

CG, Army Missile Command

AIR FORCE

Assistant Chief of Staff, Intelligence (AFCIN-3B)
CG, Aeronautical Systems Division (ASAPRD-NS)

CO, Radiological Health Laboratory Division
Director, USAF Project RAND

Commandant, School of Aerospace Medicine, Brooks AFB
CO, School of Aviation Medicine, Gunter AFB

6571lst Aeromedical Research Lab., Holloman AFB
Radiobiological Laboratory

Office of the Surgeon (SUP3.1), Strategic Air Command
Office of the Surgeon General

CG, Specilal Weapons Center, Kirtland AFB

Director, Air University Library, Maxwell AFB
Commander, Technical Training Wing. 3415th TIG

Hq., Second Air Force, Barksdale AFB

Commander, Electronic Systems Division (CRZT)

OTHER DOD ACTIVITIES

Chief, Defense Atomic Support Agency (Library)
Commander, FC/DASA, Sandia Base (FCDV)

Commander, FC/DASA, Sandia Base (FCIGS, Library)
Commander, FC/DASA, Sandia Base (FCWT)

Office of Civil Defense, Washington

Civil Defense Unit, Army Library

Armed Forces Institute of Pathology

Armed Services Technical Information Agency

Director, Armed Forces Radiobiology Research Insatitute

L8



P

(]

FEERPEPROFFFPFOFFREREEORORDRFFERDWHERFWHEDW PWH R W

AEC ACTIVITIES AND OTHERS

Research Analysis Corporation

Life Science Officer, AEC, Washington
Director, Division of Biology and Medicine
NASA, Ames Research Center, Moffett Fiesld
Naval Attache, Stockholm (for Commodore Troell)
Aerojet General, Azusa

Argonne Cancer Research Hospital

Argonne Netional Laboratory

Atomic Bomb Casualty Commission

AEC Scientific Representative, France

AEC 8cientific Representative, Japan
Atomic Energy Commission, Washington
Atomic Energy of Canada, Limited

Atonics International

Battelle Memorial Institute

Borden Chemical Company

Brookhaven National Laboratory

Chicago Patent Group

Colorado State University

Columbie University (Rossi)

Committee on the Effectes of Atomic Radiation
Defence Research Member

duPont Company, Aiken

duPont Company, Wilmington

Edgerton, Germeshausen and Grier, Inc., Goleta
Edgerton, Germeshausen and Grier, Inc., Las Vegas
General Dynamics, Fort Worth

General Electric Company, Cincinnati
General Electric Company, Richland

General Electric Company, St. Petersburg
General Scientific Corporation

Hughes Aircraft Company, Culver City

Iowa State University

Journal of Nuclear Medicine

Knolls Atomic Power Laboratory

Los Alamos Scientific Laboratory (Library)
Lovelace Foundation

Martin-Marietta Corporation

Massachusetts Institute of Technology
Mound Laboratory

National Academy of Sciences

NASA, Scientific and Technical Information Facility
National Bureau of Standards (Taylor)
National Cencer Institute '
National Lead Company of Ohio

National Library of Medicine

New Jersey State Department of Health

L9



New York Operations Office
New York University (Eisenbud)

Office of Assistant General Counsel for Patents
Phillips Petroleum Company

Pratt and Whitney Aircraft Division

Public Health Service, Washington

Public Health Service, Las Vegas

Public Health Service, Montgomery

Sandia Corporation, Albuquerque

Union Carbide Nuclear Company (ORGDP)

Union Carbide Nuclear Company (ORNL)

Union Carbide Nuclear Company (Paducah Plant)
United Nuclear Corporation (NDA)

U. 8. Geological Survey, Denver

U. 8. Geological Survey, Menlo Park

U. 8. Geological Survey, Naval Gun Factory

U. 8. Geological Survey, Washington

U. §. Weather Bureau, Washington

University of California, Davis

University of California Lawrence Radiation Lab., Berkeley
University of Californis Lawrence Radiation lLab., Livermore
University of California, Los Angeles
University of California, San Francisco
University of Chicago Radiation Laboratory
University of Hawaii

University of Puerto Rico

University of Rochester (Atomic Energy Project)
University of Tennessee (UTA)

University of Utah

University of Washington (Donaldson)

Wayne State University

Westinghouse Electric Corporation (Rahilly)
Westinghouse Electric Corporation (NASA)

HHI—‘HPHPHPPHNWPPPPPPPPWHHHHN&'MPP."

1

1 Western Reserve University (Friedell)

25 Technical Information Extension, Oak Ridge
USNRDL

b1 USNRDL, Technical Information Division

DISTRIBUTION DATE: 1 April 1963

50



P

Q3IdISSYIOND *PIsSnOSIP 18 W91sAs SNOAIRU Y3 O STNWNS € SE uon
~®ppe: Burzuoy jo uopow It o sopows Ipqussod Swos *2mMsodx3 Jo 1IeLS Y1 nYye
$PUODIS UNPIM sAsuodsal 383 1IRIY PUT [BIOIABYSG Y10q PRIIQIYXS S[EWIUE PIZIW
~oaweqiydo 20uls piedIpUl sem Washs 303d90a1 [ENSIA oY) wioy 1rede swisiu
-TOSW IANTSUISOIPRI yBnomp uopEInWng ©$ITOULIE] 128U0] AIM ING S[EWIUE [BW
-30u 4q umoys 1e 01 3jqereduIo SUORDEII JO IDUINDIS € PoMmOYs sjeWITU. pazZuu
~OlO3PUIIPE IOUTS UORDUTY [eUIIpE UOdN JUIPUSAIP 10U 219M UONIBIPEL JO $103)
-} Asoae110x9 9yl “s91e1 250p YIoq ie amsodxe Bugmor[o) saanujw Jo pouiad ® 10§
SSUIIYEM [EIOJAEYI] JO 2DUILINIV0 I £q paaesIpul sem aumsodxs Jo UONIBUTWIA
243 1¥ 109339 £3031110X9 JUDISUED Y “I5OP [RI0] SYI UL I9YIEI 33l I50p 2y uodn
popuadap amsodxs Suymp uonoea: 3 jo LQrsusur sy * A[Sugpiosoy  *asop (2103
1000°1 ® 01 amsodxa jo popsad [enpisal oy Buump uoperdx? jo 9oUIPIAS PATIQIYX?
21e1 asop 1yBy Y1 1® pasodxa sjewue AJUQ °93BI 1IESY U UOHEIIIDE UE OS[E
PopNIoUT * spuodas og Aq ‘ pue adoos ur pasesiour uonoeIl [ENUL sty (09s/16°1)

Qa131SSY 1ONN “PISSNOSIp 3T¢ W1sAS SNOAJRU Y3 O3 SNINWNS ¢ 5¢ UOD
~erpel Surziuoy jo uomoe 2yl Joj sepol I|qyssod WS - 2Ms0dXI JO LIS WP BYE
SPUOD9S UN[IIM $25u0dsdl 91kl 1IEDY PUT [BIOIABYSQ 0] PRIIQIYXD SjELIUR PIZW
-o103ueyiydo 9oUls pareotpul sem walsis 301dadai [ensjA sy3 woy 1rede swistu
~eyosw anIsUSsOIpel ySnonp uoneinwing - serousse] 128Uo] PRIM INQ SpEUIIUE [RW
-30u 4q UMOYSs 1e1 01 2|qEIedWIOd SUOTIOESI JO PDUINDLIS © PIMOYS S[RWIFUE PIZfW
~0109]BUSIPE 20UTS UONIDUNY [euaIpe Uodn 1uapuadap 10U 219M UOREIPELY JO N33
-39 L1012310%32 2y *se1el asop yioq ie amsodxa Supmorioj seanuyw jo pouad € 105
SSOUINYEM [BIOTABYS] JO 9IUILMII0 a1 £Qq pa1edpuUl seM 9msodxa JO BORRUWIAN
2U1 38 109)3 £101L110X2 JURISUED ¥ “950p [€101 I UBLR IPIEI el Is0p I uodn
papuadap smsodxs Surmp uonoes: aip jo Laysusauy ot * £18urpioooy "asop (1101
1000°T ® 01 amsodxa jo pousad renpisa aya Sunmp uonelox? Jo IUIPIAS PAIQIYXD
9181 950p 9yBry 2y 1€ pasodxa sjewyue Ajuo ‘181 1IEAY U] UORERIS[IIOT UL Of|E
papniout ‘spuodas og £q * pue 2dods U1 pasealdur uopdeal [enUY ST (9981 6° 1)

2181 250p JAYSIY B 1Y - (1 g JO IsOp
PanIdOE) $puU0IIs T 18Iy A UMM
dasrs woy resnore Lio1suen e paonpoxd
(99s5/1 g3 ° ) 91e1 250p MO] ® 3¢ ansodxy
* W2isAs SNOAISU [ERUSD 21 JO UONBATIOE

(I940)
JIIASSVOND

1025-80°S00MN °"Al

g N A 11 4 IBDIPUI 01 PISN II9M IJBI IEIY JO puE
°f*°q ‘poprawny “II | deajs wioy saumedap [BI0IABYIQ JO SIUIWDINSEIW PUE
*1 -3 *wuny -1 [skes x day 05z 01 pesodxs a1em siel ‘uonerpe: Surziuoy

01 suondeas :dwoixd 10919p 01 paulisop Aprus v uf
*de3ts '¢ | aandISSVIONN 5216, s
*§1993j9 vopepey ‘¥ solqea *d 98 g961 Aseniqag L3 jiopauini °f °d
‘el 3%0q ‘€ pue wuny -7 *3 49 SNOILOV3Y JALLISNISOIA VY SV

‘sfe1 X -z |NOLLVALLDV IVENIN ANV 1¥SNOIV TVIOIAVHIEE

'1 $39-¥.L- 1qANSN
A101e30qe] Isuajeq [eoiBojoipey [eaeN

*waisks snoAraN

(3940) 2181 950p JOUBIY 1y (1 g JO @5O0p

panIode) spuodas 1 181y AP UM

dess woy pesnore Lioysuen e pasnpoxd

(09s/1 62°C) 91e1 250p MO] ® J® ansodxy

* w21s4s SNOAISU [RQUID I JO UORE.ADE

S1ED[PUT 01 PN 2194 I 1ESY JO pUE

daafs wroy samyredsp (eiojaeyaq JO NUSWIMSEW pUE

ske1 x dax ggz 01 pesodxa a19m siea *uonejpes Suyzyuoy
01 suonoea duiod 19219p 01 pauBysep Apmus ® up

AdaIdISSVIONN ‘gYI1eL I

sa1qes °d 9¢ g9l Areniqeg L3 jloprowny °f °d

-pue wny 1 -3 £q SNOLLOVIY AALLISNISOIA VY SV
NOILVAILDV TVIN3IN ANY TVSNOYY TVHOIAVHIE
$39-UL-WRNSN

fio1e30qe] Isusjaq [eo1Boropey (eALN

GaEIEISSVDND

T035-80°S00UN °Al
°nul ‘m

‘f °Q ‘yoprawny I
3 ‘wny 1

~dastg °¢
"R03}j9 uonepey ‘¥
‘3301 9500 ‘€
‘seay 2
*waishs snoATeN °1




